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Abstract

Wood-plastic lumber is promoted as a low-main-
tenance, high-durability product. After weathering,
however, wood-plastic composites (WPCs) often fade.
In the first part of this study, 50 percent woodflour-
filled high-density polyethylene (HDPE) composite
samples were manufactured. Composites were ex-
posed to two accelerated weathering cycles in a xe-
non-arc type weathering apparatus: either ultraviolet
(UV) light only or UV light and water spray. The com-
posites lightened less when they were exposed to only
W light compared with exposure to UV light and wa-
ter spray. In the second part of this study, WPCs with
changing wood contents were exposed to UV radiation
with water spray. The results were compared with ex-
posure to both a single water soak and a series of cycli-
cal soaking-drying periods. Composites exposed to a
single water soak did not lighten, those exposed to cy-
clical soaking and drying lightened only at high wood
contents, and all composites lightened after exposure
to UV radiation with water spray. The results of this
study demonstrate that exposing WPCs to water spray
in combination with UV light is more severe than ex-
posing WPCs to only UV light, or to only water. This is
likely a result of water spray washing away the de-
graded layer and wood extractives during weathering,
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as well as causing the wood-plastic interface to be
compromised through dimensional changes in wood
particles.

Introduction

Wood-derived fillers have made inroads into the
thermoplastic industry, primarily as wood-plastic
composites (WPCs) become more prevalent in con-
struction applications. Exterior building products,
such as decking, fencing, siding, window framing, and
roof tiles, are currently available or being introduced
into the market.

Wood-plastic lumber is promoted as a low-main-
tenance, high-durability product (1). However, use of
WPCs by the construction industry has resulted in
concern about durability of these products after
weathering. Several papers report weathering charac-
teristics of polyethylene (PE)-based WPCs. When ex-
posed to accelerated weathering, WPCs often fade
(2-4).

There are many competing degradation mecha-
nisms that occur during WPC weathering, and both ul-
traviolet (UV) radiation and moisture exposure can be
detrimental. Exposure to UV radiation can result in
changes in the polymer matrix as well as changes in
the wood component. Photodegradation of PE results
in free radical generation, which may then lead to ter-
mination via cross-linking or chain scission. While
cross-linking and chain scission are competitive
mechanisms of UV degradation, it has been shown
that cross-linking is preferred during accelerated

weathering (5). Chain scission can result in more chain
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mobility and secondary recrystallization. The result of
photodegradation is surface cracking, and a loss in
strength and stiffness. Wood also undergoes photo-
degradation. Lignin at the surface ofwood is primarily
degraded, leaving a cellulose rich surface. Aswood un-
dergoes photodegradation, the cellulose rich, oxidized
surface becomes more wettable (6).

WPCs are detrimentally affected by the presence of
moisture primarily due to the wood component. Wood
is a naturally hydrophilic material. As a result, wood
cell walls swell when penetrated by water, facilitating
light penetration further into wood, providing sites for
further degradation (7), and removing some water sol-
uble extractives. In WPCs, the swelling wood fiber
compromises the wood/matrix interface and creates
microcracks in the matrix. The result is a change in ap-
pearance and destruction of mechanical properties.

In current literature, a change in properties of
WPCs after accelerated weathering is often reported
after a given exposure time (2-4). However, during ac-
celerated weathering measured variables can include
exposure time, UV exposure as radiant energy over a
specific wavelength range, and water exposure as
number of cycles or time. Using only exposure time as
a means of comparison between studies may be mean-
ingless if the intensity of UV exposure and amount of
water exposure are not known. Each weathering vari-
able must be consistent before comparing results from
different studies. To allow for better comparison be-
tween studies, it is recommended that performance af-
ter weathering be reported after a specific radiant ex-
posure, the time integral of irradiance (8). In current
WPC weathering literature, radiant exposure is often
not known, and amount of water exposure may not be
reported, therefore comparisons between studies are
often not possible.

It is not known how primary weathering variables
influence color fade of WPCs. This is knowledge that
would help us to understand and identify methods for
protecting WPCs from fading. The main objective of
this study was to understand how exposing WPCs to
two weathering variables, UV radiation and water, in-
dependently and together lighten woodflour-filled
HDPE composites. As a secondary objective, it was im-
portant to conduct the exposures so that comparison
between them was meaningful.

Experimental Methods
This study consisted of two phases during which
unstabilized WPCs were subjected to different expo-
sures. In the first phase, WPCs were exposed to UV ra-
diation with water spray and compared with compos-
ites exposed to UV radiation only. In the second phase,
WPCs were again exposed to UV radiation with water
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spray but compared with composites soaked in water.
During each phase, lightness of WPCs was analyzed
before and after exposure.

Materials

The materials used in the first phase were wood
flour and high-density polyethylene (HDPE). The
wood flour was 40-mesh ponderosa pine supplied by
American Wood Fibers (AWF 4020, Schofield, WI,
USA). The HDPE was virgin material with a melt in-
dex of 0.72 g/10 minutes and density of 0.963 g/cm3
(Fortiflex A60-70-162, Solvay Polymers, Inc., Houston,
TX, USA). The wood flour was 50 percent by weight of
the composite.

In the second phase, wood flour content was varied
from 0 to 60 percent by weight of the composite. The
same wood flour was used as the first phase. The
HDPE was a virgin material with a melt index of5 g/10
minutes and a density 0f0.948 g/cm3 (HD 6605, Exxon
Mobil, Houston, TX, USA).

Injection molded

Wood flour was dried for 24 hours at 105°C. HDPE
and wood flour were compounded using a 32-mm Da-
vis Standard (Pawcatuck, CT, USA) twin-screw ex-
truder with a strand die to produce homogeneous
woodflour-HDPE composite pellets. The pellets were
dried at 105°C for at least 24 hours prior to injection
molding into flexural bar test samples. Composites
were injection molded, using a 33-ton Cincinnati
Milacron (Batavia, OH, USA) injection molder, into
bars that were 120 by 3 by 12 mm.

Testing

Weathering

Composite samples were placed in a xenon arc-type
exposure apparatus with inner and outer borosilicate
filters. The xenon-arc bulb has a spectral radiation dis-
tribution similar to solar radiation. Therefore, UV, visi-
ble, and infrared portions of the spectrum were all
present during the radiation period. However, UV ra-
diation is the most damaging to composites therefore
the exposure is referred to as exposure to UV radiation
in this paper. Composites were exposed to UV radia-
tion or UV radiation and water spray. Samples were
mounted on a drum that rotated around the xenon arc
bulb at 1 rpm. For samples exposed to UV radiation
only, exposure was continuous. If a water spray cycle
was used, a 2-hour cycle consisting of 108 minutes UV
radiation and 12 minutes simultaneous water spray
and UV radiation was followed. In both cases, an
irradiance sensor was used to measure light intensity
for UV wavelengths from 300 to 400 nm (XenoCal, At-
las Materials Testing Technology, Linsengericht, Ger-

many). Irradiance was monitored and voltage to the
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Table 1. ~ Weathering cycle parameters for composites. The composites were exposed to either UV radiation and wa-

ter spray or exposed to UV radiation only.

Water spray exposure

Phase Weathering cycle Radiant exposure No. of cycles Hours Weathering time
(@/m?)? (")
1 UV + water 42 500 100 1,000
81 1,000 200 2,000
122 1,500 300 3,000
UV only 41 - - 1,027
81 1,991
123 - - 2,985
2 UV + water 66 800 160 1,600
& The irradiance at 300 to 400 nm integrated over time.
bulb changed periodically in order to maintain a con- 100 :
stant irradiance. Radiant exposure, or amount of light ‘ VSN .
energy, samples were subjected to was then deter- 80 4 . |
mined (irradiance integrated over time). To allow for : ‘
comparison between weathering cycles, radiant expo- ¢ 80+ .- ___ e *
sure, water spray exposure in terms of number of cy- E:, %-«w“ oW ’
cles and total time, and weathering time were re- 3 401 ;
corded (Table 1). l |
20 A {4 UV + Water| |
Water soak | Ave St Dev. = 1 [-=-uvony | :
Two water soak procedures were followed in the 0 - . ‘ . . !
second phase. The first procedure included drying 0 20 40 60 8 100 120 140
Radiant Energy (J/m?)

composites in an oven at 105°C for 16 hours before
soaking composites in a room temperature water bath
for 160 hours. In the remainder of this paper, this is re-
ferred to as a single soak. Composites were also ex-
posed to a cyclical soak. After oven-drying at 105°C for
16 hours, composites were exposed to a room tempera-
ture water bath for 8 hours. They were removed from
the water bath, redried for 16 hours, and then soaked
again for a total of 20 soaking-drying cycles. The total
water exposure during the cyclical soak was also 160
hours. The composites were weighed after each soak-
ing and drying period.

Color measurement

A Minolta CR-200 Chroma Meter (Minolta Corpora-
tion, Ramsey, NJ, USA) was used to measure color us-
ing the CIELAB color system. Lightness (L) was mea-
sured for five replicate samples. In the CIELAB color
system, the value L can be thought of as a lightness fat-
tor. L represents reflectance of a sample. An L of 0
means the sample does not reflect light; an L of 100
means the sample reflects 100 Percent light- An in-
crease in L means the sample has faded or “lightened”
(+ AL = lightening; —AL= darkening).

Stark

Figure 1. ~ Average lightness of50% woodflour-filled

HDPE composites during exposure to UV radiation
with water spray or UV radiation only.

Stastistics

To determine the significance of differences be-
tween unexposed and exposed composite properties,
an analysis of variance (ANOVA) was carried out at a

= 0.05. This was accomplished using Design Expert
6.0.0 software by Stat-Ease, Inc. (Minneapolis, MN,

USA).

Results and Discussion
The effect of exposure to UV radiation with and
without water spray on composite lightness is shown
in Figure 1. All composites lightened during exposure;
however, the change in lightness was much less when

composites were exposed to UV radiation only, com-
pared with exposure to UV radiation and water spray.

Composites consisting of 0, 10,20,30,40,50, and 60
percent wood flour content were exposed to a single
soaking time period or in a cyclical series of 8-hour
soaking periods and 16-hour drying periods. In each
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Figure 3. ~ Average percent increase in moisture vs.
wood flour content for composites exposed to a single
water soak and a cyclical water soak, with a total of 160
hours of water exposure. Error bars represent one stan-
dard deviation.

case, the total soak time was 160 hours. This was com-
pared with exposure to UV radiation with water spray
where the total water spray time was 160 hours (Table
1). During cyclical exposure, composites increased in
weight after soaking and returned to their original
weight after drying (Fig. 2). There was no apparent in-
crease in weight per 8-hour soak as cycle number in-
creased. Figure 3 shows average moisture gain during
each soaking period of the cyclical soak compared
with average moisture gain after the single soak.
Clearly, composites with more wood flour content had
larger moisture gains after both the single soak and cy-
clical soak. In addition, composites exposed to the sin-
gle soak experienced larger gains in moisture than
those exposed to the cyclical soak.

The lightness of composites versus wood flour con-
tent, subjected to each of the exposures is shown in
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;'l Unexposed [1Single Soak O Cyclical Soak MUV + Water Spray :

Figure 4. ~ Average lightness of woodflour-filled HDPE
composites VS. wood flour content. Average lightness is
shown initially, and after exposure to a single water
soak, a cyclical watersoak, and water spray with W ra-
diation. Error bars represent one standard deviation.

Figure 4. The lightness of composites exposed to the
160 hour single soak did not change much from the
lightness of the unexposed composites. When compos-
ites were exposed to the cyclical soak for a total of 160
hours of water exposure, lightness increased slightly
at higher wood flour contents. When composites were
subjected to a weathering cycle that corresponded
with 160 hours of total water exposure with W radia-
tion composites lightened the most. The percent
change in lightness after exposure can be seen in Ta-
ble 2. The unfilled HDPE experienced slight increases
in lightness for each exposure. There was no signifi-
cant increase in lightness for any of the composites ex-
posed to the single water soak, or for composites with
10 to 40 percent wood content exposed to the cyclical
water soak. All composites exposed to UV radiation
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Table 2. ~ Percent change in lightness for composites
exposed to 160 hours of water as a single soak, cyclical
soak, or weathering cycle of UV radiation with water

spray.

Wood flour UV +water
content Single soak  Cyclical soak spray
(%)
0 2 2 5
10 nsd ns 2
20 ns ns 16
30 ns ns 33
40 ns ns 38
50 ns 12 51
60 ns 20 102

& ns = no significant change from the unexposed values at a

= 0.05.

with water spray experience increases in lightness,
and those with higher wood contents had larger in-
creases in lightness.

In the first phase of this study, exposures were con-
ducted so that radiant exposure and time were uni-
form, only water spray exposure varied. In the second
phase, exposures were conducted so that total time of
water exposure was consistent. Although direct com-
parison of lightness after exposure to UV radiation
with water spray between phases 1 and 2 of this study
is not possible because exposure time, radiant energy
exposure, and water spray exposure are all different
(Table 1), comparison between exposures within each
of the phases is possible.

It is apparent that exposing WPCs to a combination
of UV radiation and water spray is much more detri-
mental than exposing them to only W radiation, or
only to water. The lightness of 50 percent woodflour-
filled HDPE composites increased 87 percent when
exposed to UV radiation with water spray, but only in
creased 28 percent when exposed to UV radiation only.
Exposing 50 percent woodflour-filled HDPE compos-
ites to a single water soak resulted in no significant
change in lightness; exposure to cyclical soaks re-
sulted in a 12-percent increase in lightness; and expo-
sure to water spray with W radiation resulted in a
51-percent increase in lightness (Table 2).

It was expected that composites with more wood
flour content would have larger gains in moisture dur-
ing exposure to both the single soak and cyclical soak.
Because moisture absorption by the WPC is depend-
ent on a diffusion rate, it was expected that composites
exposed to 160 hours in a single soak would absorb
more moisture than composites exposed to 20 cycles of
8 hours of soaking time followed by 16 hours of drying

Stark

time. During exposure to UV radiation with water
spray, exposure consisted of 12 minutes of water spray
with UV radiation followed by 108 minutes of W radi-
ation. During this time the environment changed be-
tween 35°C and 100 percent relative humidity (RH)
during UV radiation and water spray exposure and
40°C and 30 percent RH during UV radiation expo-
sure. Previously, 40 percent woodflour-filled PP com-
posites exposed to an environment of 27°C and 30
percent RH for 2,000 hours absorbed approximately
0.5 percent moisture (9). This suggests that the mois-
ture absorbed during exposure to UV with water spray
was small. Although is it unlikely that there are large
increases in moisture content of composites exposed
to UV radiation with water, the water spray time of 12
minutes is clearly enough time to negatively influence
lightness of the composites exposed in combination
with UV radiation.

WPC color is primarily reflective of the color of the
wood component. In virgin wood, the majority of col-
ored substances are extractives (7). Exposing wood to
UV light degrades primarily the lignin component,
leaving cellulose at the surface, which can physically
block UV light penetration. Similar to the mechanism
that occurs when weathering wood, the water spray
cycle can accelerate the rate of discoloration of WPCs
through physical mechanisms. Washing the degraded
surface by water spray exposes new wood surfaces for
further degradation (10). Therefore weathering WPCs
results in a cyclical erosion of the surface as lignin is
degraded and subsequently washed away, exposing
more lignin to degradation. Additionally, washing the
surface can remove some water soluble wood extract-
ives. Removal of the extractives, the main component
that imparts color, is likely primarily responsible for
the majority of color fade.

The increase in amount of hydrophilic cellulose at
the wood surface and degradation of the more hydro-
phobic lignin has been shown to increase surface
wettability (6). This may cause the composite surface
to more readily absorb moisture. This is detrimental
for two reasons. The first is that the presence of water
in wood accelerates oxidation reactions that are a di-
rect result of photodegradation. The second is that
wood cell walls swell when penetrated by water. This
facilitates light penetration into wood providing sites
for further degradation (7) and creates microcracks in
the composite, thereby accelerating degradation ef-
fects. All of these factors support the data, demonstrat-
ing that both UV radiation and water exposure are
necessary for the dramatic lightening of WPCs.
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Conclusions

Conducting weathering tests in the method de-
scribed, recording radiant energy calculated at spe-
cific wavelengths, water spray exposure in terms of
number of cycles and total time, and time of the weath-
ering exposure, provides more insight into the weath-
ering period. This not only allows for appropriate com-
parison between weathering cycles, but allows for the
study of each weathering variable individually.

When this method is followed to compare the light-
ness of WPCs after exposure to UV radiation only, or
exposure to water only, or both, dramatic differences
can be seen. It becomes readily apparent that expo-
sure to UV radiation with water spray resultsin signifi-
cantly more lightening than exposure to either UV ra-
diation only or water only. This suggests that the two
weathering variables exhibit a synergistic effect which
is detrimental to WPCs.
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